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FINAL REPORT 

VOLUME 11 

By H. J. Robert son, R. Crane, Jr . 
R.C. L i u ,  and R.A. Arnold 

ABSTRACT 

A refinement of t h e  c o n t r o l  technique, desc r ibed  i n  
Volume I (NASA CR-66297) f o r  a c t i v e l y  c o n t r o l l i n g  r i g i d  segments 
of a t e l e s c o p e  primary mirror, i s  given. The r e f i n e d  concept 
a l lows t h e  f i g u r e  e r r o r  sensor  t o  i n t e g r a t e  over a l a r g e  p o r t i o n  
of each segment t o  average out small s u r f a c e  i r r e g u l a r i t i e s  and 
provides  a degree of immunity t o  mechanical t r a n s i e n t s .  Using 
t h i s  technique, t h e  f i g u r e  e r r o r  of t h e  composite 20-inch m i r r o r  
was s i g n i f i c a n t l y  reduced. 
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1. S’liMEIARY 

The sezmented Act ive  Opt ics  system has  been modif ied t o  provide 
a u t o a a t i c  t i l t  al ignment ,  t o  provide a degree of  imiiunity t o  ,iiechanical 
t r a n s i e n l s ,  and t o  a ? ? ~ w  incre accu ra t e  alignment of t h e  composite m i r r o r .  
The c o n t r o l  system has  b?en optimized and f u r t h e r  d a t a  has  been obta ined  t o  
determine t h e  system performance and i t s  l i m i t s  o f  accuracy.  

Autonat ic  c o n t r o l  of the  segment a l ignment  has  aga in  produced 
n e a r  d i f f r a c t i o n  l i m i t e d  performsnce as demonstrated by indepnndent p inhole  
imaging. 
Dynanic s t a b i l i t y  has  been measured t o  b e  b e t t e r  than  1/100 wavelength rms. 
The c o n t r o l  system w i l l  now accommodate an  e x t e r n a l  t r a n s i e n t ,  such as t h a t  
in t roduced  by a person leaning  on t h e  vacuum tank  assembly, w i t h  only a mild 
r e a c t i o n  and no loss of c o n t r o l .  

Al ignnent  accuracy i s  es t imated t o  be  b e t t e r  than  1/50 wavelength ms. 
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I 
2 .  OBJECTIVES 

I The Active Op t i c s  program has shown t h a t  modern o p t i c a l  technology 
can  be combined wi th  closed-loop servo-control  techniques t o  provide and main- 
t a i n  a l a r g e  d i f f r a c t i o n - l i m i t e d  mi r ro r  s u r f a c e  f o r  use i n  an  o r b i t i n g  a s t r o -  
nomical t e l e s c o p e .  The concept of continuous a c t i v e  c o n t r o l  was f i r s t  demon- 
s t r a t e d  wit!: a campasite sirrc?r made 1 ~ p  of m i r r n r  segments which were o r i e n t e d  
and maintained i n  alignment t o  d i f f r a c t i o n - l i m i t e d  t o l e r a n c e s .  The r e s u l t s  of 
t h e  experiment t o  demonstrate t h e  f e a s i b i l i t y  of t h i s  system were r epor t ed  i n  
Perkin-Elmer Report No. 8525 "Active Optical  System f o r  Spaceborne Telescopes - 
F i ~ ~ i l  Repor t " .  

I n  o rde r  t o  make an accurate  conparison between t h e  segmented system, 
t h e  a c t i v e  deformable t h i n  m i r r o r  system now under i n v e s t i g a t i o n  (NASA Cmtrac t  
No. NAS 1-7104), and t h e  t r a d i t i o n a l  t h i ck  monoli thic  mi r ro r ,  as cand ida te s  f o r  
a l a r g e  spaceborne o r b i t i n g  astronomical t e l e scope ,  i t  r.7as necessary t o  o b t a i n  
a d d i t i o n a l  d a t a  t o  f u r t h e r  our understanding of t he  experimental  c a p a b i l i t y  of 
the segmented system. I n  p a r t i c u l a r ,  i t  was d e s i r a b l e  t o  determine the  per- 
formance parameters o f  t h e  system ope ra t ion ,  i nc lud ing  alignment accuracy, s t a -  
b i l i t y ,  and dynamic r a t e s .  Of  i n t e r e s t  a l s o  was the  f u r t h e r  automation of t h e  
system t o  provide a degree of immunity t o  mechanical t r a n s i e n t s  and t o  provide 
an automatic alignment a b i l i t y  which would allow the  system t o  recover  from t h e  
e f f e c t s  of severe mechanical shocks. 

The i n i t i a l  Act ive Op t i c s  c o n t r o l  system d i d  not  have t h e  a b i l i t y  t o  
a u t o m a t i c a l l y  sense and remove alignment e r r o r s  of magnitude g r e a t e r  than one 
h a l f  wavelength introduced by mechanical t r a n s i e n t s .  It i s  necessary t o  have 
a s e l f - c o r r e c t i n g  system t h a t  can l i v e  w i t h i n  i t s  environment, i nc lud ing  any 
t r a n s i e n t  e f f e c t s .  For t h i s  reason, a r ev i sed  c o n t r o l  l o g i c  system has been 
developed. 

I n i t i a l  misalignment e r r o r s  are  a p t  t o  L e  q u i t e  large c ~ i i p a r e d  t o  
t h e  f i n a l  accuracy r equ i r ed .  It is t h e r e f o r e  d e s i r a b l e  t o  have a system i n  
which response r a t e s  a r e  f a s t  i n  t h e  presence of l a r g e  e r r o r s ,  and slow and 
s t i f f  when alignment i s  c l o s e  t o  being c o r r e c t .  These new requirements may 
be summarized a s  a need f o r  an automatic adap t ive  c o n t r o l  system, t h a t  is, 
one which can au tomat i ca l ly  adapt  i t s  e r r o r  sensing and c o n t r o l  r a t e  t o  the  
size of t h e  alignment e r r o r s .  

Test d a t a  on t h e  o v e r a l l  f i g u r e  e r r o r  of t h e  composite Act ive Op t i c s  
m i r r o r  assembly showed t h a t  t h e  o r i g i n a l  system was vu lne rab le  t o  l o c a l i z e d  
f i g u r e  e r r o r s  of r e l a t i v e l y  l a r g e  peak va lue  which happen t o  occur  a t  t h e  e x a c t  
s p o t  i n  f r o n t  of t h e  a c t u a t o r s .  This was because a c t u a t i o n  c o n t r o l  s i g n a l s  
were gene ra t ed  by looking a t  t h i s  spot only,  r e l a t i v e  t o  a r e f e r e n c e  s p o t .  For 
example, F igu re  42 i n  t h e  F i n a l  Report No .  8525 shows t h a t  spo t  No. 6 f a l l s  
n e a r  a tu rned  up edge, w i t h  t h e  r e s u l t  t h a t  segment I1 was not  a l igned  optimumly 
i n  t ilt  about  t h e  4-5 a x i s .  Peak errors occurr ing i n  t h e  f i g u r e  senso r  
e q u a l l y  d i s t u r b i n g .  To o b t a i n  a 
i d e a l  sphere,  i t  i s  d e s i r a b l e  t o  
of t h e  m i r r o r  r a t h e r  than a t  one 

c l o s e r  f i t  of t h e  m i r r o r  segments w i t h  
sense t h e  average f i g u r e  e r r o r  over  an 
spo t .  

can be 
t h e  
a r e a  
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This r e p o r t  desc r ibes  t h e  changes made i n  t h e  o r i g i n a l  segmented 
Act ive Optics  system t o  improve i t s  performance and it  d i s c u s s e s  t h e  r e s u l t s  
of t h e  measurements made on t h e  f i n a l  system t o  determine i t s  accuracy. 

The r e s u l t s  show t h a t  t h e  l i m i t  of accuracy of t h e  c o n t r o l  system' 
i s  b e t t e r  than t h a t  r equ i r ed  t o  main ta in  t h e  h/50 rms alignment needed f o r  d i f -  
f r a c t i o n  l imi t ed  pe r fomance  i n  t h e  v i s i b l e  spectrum. 
and l i m i t i n g  f a c t o r s  a re  d iscussed  i n  d e t a i l  i n  S e c t i o n  5 . 3 .  

The alignment accuracy 

The o v e r a l l  o b j e c t i v e  of t h e  a d d i t i o n a l  s t u d i e s  performed under 
t h i s  Contract  Change Notice a s  set  f o r t h  i n  t h e  c o n t r a c t  Statement of Work 
was t o  "Evaluate t h e  segmented o p t i c a l  system by measuring and i s o l a t i n g  t h e  
f a c t o r s  which determine t h e  system accuracy and dynamic r a t e ,  making those  
modi f ica t ions  necessary  t o  determine t h e  fundamental l i m i t s " .  

The s p e c i f i c  o b j e c t i v e s  s p e l l e d  ou t  i n  t h e  c o n t r a c t  and t h e  sec-  
t i o n s  of t h i s  r e p o r t  which c o n t a i n  t h e  corresponding r e s u l t s  of t h e  i n v e s t i g a -  
t i o n  a r e  a s  fol lows:  

A. 

B. 

C. 

D. 

Statement of  Work 

Automate c e r t a i n  po r t ions  of t h e  t i l t  
alignment sequencing t o  demonstrate  t h e  
f e a s i b i l i t y  of ope ra t ing  t h e  c o n t r o l  sys-  
t e m  under moderate t r a n s i e n t  i n p u t s  such 
a s  might be experienced i n  manned o r b i t i n g  
t e l e scopes .  

Obtain improved q u a l i t y  kni fe -edge  photo- 
graphs a f t e r  e l imina t ing  p r e s e n t  spu r ious  
r e f l e c t i o n s  from t h e  system. 

Report  Sec t ion  

Sec t ion  4 

S e c t i o n  5.2 

Improve system performance by e l i m i n a t i n g  
anomalies due t o  t h e  measuring system such 
as b e a m s p l i t t e r  d i s t o r t i o n s  and scanning  
spo t  l o c a t  ions.  

Sec t ions  3 & 4 

Repeat r a s t e r  scan  mapping of  t h e  m i r r o r  
s u r f a c e  a f t e r  making above improvements. 

Sec t ion  5.2 

The development and ope ra t ion  o f  t h e  f i g u r e  sensor ,  t h e  a c t u a t o r s ,  
t h e  m i r r o r  and i t s  suppor t  system, and t h e  o r i g i n a l  e l e c t r o n i c  c o n t r o l  system 
are  descr ibed  i n  Perkin-Elmer Reports 8255 and 8525, t h e  Phase I and F i n a l  Re-  
p o r t s  on "Active Op t i ca l  System f o r  Spaceborne Telescopes".  Most of  t h i s  i n -  
formation has  been omit ted from t h e  p re sen t  r e p o r t  i n  t h e  i n t e r e s t  of  b r e v i t y .  
It may be  necessary,  t he re fo re ,  t o  r e f e r  t o  t h e  prev ious  r e p o r t s  t o  more f u l l y  
understand some of  t h e  d e t a i l s  of t h i s  r e p o r t .  

1 
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3 .  INTERFEROMETER MODIFICATIONS 

I n  t h e  process of optimizing t h e  o v e r a l l  sys tem,  a number of modi- 
f i c a t i o n s  were made in  t h e  in t e r f e romete r  (Figure 1 ) .  There were f o u r  types 
o f  mod i f i ca t ions  performed: (1) replacement o f  t hose  o p t i c a l  components gen- 
e r a t i n g  measurable f i g u r e  e r r o r ;  (2)  s t a b i l i z a t i o n  of t hose  component mounts 
observed t o  be uns t ab le ;  (3) c l e a n i n g  of t h e  o p t i c a l  elements;  and (4)  modi- 
f i c a t i o n ,  where possible ,  of component mounts i n  o r d e r  t o  accomplish proper 
alignment more convenient ly  and a c c u r a t e l y .  

3 .1  REDUCTION OF FIGURE ERROR 

I n  t h e  f i r s t  c l a s s  of modif icat ion,  two elements w i t h i n  t h e  i n t e r -  
ferometer  were rep laced .  It was observed t h a t  t h e  b e a m s p l i t t e r  w a s  a s t i g m a t i c  
t o  t h e  e x t e n t  of a h/40 v a r i a t i o n  a t  the per imeter  of t h e  a p e r t u r e .  
ment b e a m s p l i t t e r  was s e l e c t e d  which removed t h i s  a b e r r a t i o n .  

A replace- 

The second element replaced w a s  t h e  p inho le  l o c a t e d  i n  t h e  beam- 
expanding t e l e s c o p e .  This  p inho le  i s  used as a s p a t i a l  f i l t e r  t o  remove d i f -  
f r a c t i o n  s t r u c t u r e  i n  t h e  l a s e r  output  and al low the  use  of a n  inexpensive 
microscope o b j e c t i v e  f o r  t h e  s h o r t  foca l  l eng th  l e n s  i n  t h e  t e l e scope .  I n  t h e  
o p e r a t i o n  of a Twyman Greene in t e r f e romete r ,  h a l f  t h e  i l l u m i n a t i n g  energy re- 
t u r n s  t o  t h e  source as d i s t i n g u i s h e d  from going t o  t h e  output  image. Th i s  
energy i s  focused by t h e  long f o c a l  length l ens  i n  t h e  beam-expanding t e l e s c o p e  
t o  a s m a l l  image on t h e  p inho le  ma te r i a l ,  which then  a c t s  as a weak second 
s o u r c e .  Th i s  could no t  be a t t e n u a t e d  i n  t h e  p re sen t  a p p l i c a t i o n  by t h e  usua l  
method u t i l i z i n g  a quarter-wave p i a t e  arid a polarizer, because this wnuld tin- -r 

se t  t h e  o p e r a t i o n  of t h e  phase measurement i n t e r f e r o m e t e r .  It w a s  p o s s i b l e  
however, t o  reduce t h i s  e f f e c t  s i g n i f i c a n t l y  by s e l e c t i n g  a p inho le  material  
w i t h  a minimum r e f l e c t i v i t y  from t h e  s i d e  toward t h e  i n t e r f e r o m e t e r .  
f i c a t i o n  d i d  not  remove t h e  secondary source, bu t  d i d  reduce i t s  i n t e n s i t y  t o  
a l e v e l  which causes l i t t l e  observable e f f e c t .  

The modi- 

A t h i r d  o p t i c a l  element, e x t e r n a l  t o  t h e  in t e r f e romete r ,  w a s  a l s o  
r e p l a c e d .  T h i s  was t h e  small f l a t  mi r ro r  used t o  d i r e c t  (upward t o  t h e  micro- 
scope) t h e  i l l u m i n a t i o n  which fonns t h e  image of t h e  t e s t  pinhole .  The re- 
placement m i r r o r  obtained w a s  f i gu red  t o  h/50 over  an  area much l a r g e r  t han  
t h e  r e q u i r e d  a p e r t u r e .  With t h i s  mirror,  freedom t o  va ry  t h e  l o c a t i o n  of t h e  
m i r r o r  r e l a t i v e  t o  t h e  pinhole  image has been inc reased  without  degrading t h e  
image. 
edge must be i n  t h e  image plane and t h e  m i r r o r  a s u b s t a n t i a l  d i s t a n c e  from t h e  
image. 

Th i s  has been of g r e a t  advantage i n  t h e  knife-edge test  where t h e  k n i f e  

5 
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3 . 2  COMPONENT STABILIZATION 

Ouring t h e  normal o p e r a t i o n  of t h e  system, only one component 
mount was observed t o  be of inadequate s t a b i l i t y .  
c o n s i s t i n g  of t h e  p inho le  mount and i l l u m i n a t i n g  system. 
i l l u m i n a t i n g  lamp would r a i s e  t h e  temperature of t h e  housing cotislderably.  
A s  t h e  p inho le  and mounting p o i n t s  were a t  o p p o s i t e  ends of t h e  assembly, t h e  
thermal expansion would t r a m l a t e  t h e  pinhole  sideways s e v e r a l  thousandths 
of an inch.  The e f f e c t  of t h i s  was t h a t ,  u n t i l  thermal equ i l ib r ium had been 
reached, which r equ i r ed  cons ide rab le  time, t h e  image of t he  p inho le  would be 
slowly moving and would appear d i s t o r t e d  when photographed w i t h  long exposure. 
R d d i t i m a l l y ,  this e f f e c t  s eve re ly  hampered ob ta in ing  good knife-edge t e s t  
photographs. Very long exposure times a r e  r equ i r ed  due t o  t h e  l a r g e  image 
of t h e  m i r r o r  formed i n  t h i s  tes t .  
p inho le  would move e i t h e r  completely o f f  t he  k n i f e  edge o r  become completelv ob- 
s t r u c t e d  by i t  and t h e  proper adjustment would be l o s t .  By r edes ign ing  t h e  
mount, t h e  p inho le  source could be supported q u i t e  near  t h e  p inho le  i t s e l f .  
I n  t h i s  conf igu ra t ion ,  no motion of t h e  p inho le  h a s  been de tec t ed .  

Th i s  was t h e  assembly 
I n  operat ion,  t h e  

During t h e s e  exposures, t h e  image of t h e  

3 . 3  ELEMENT CLEANING 

An a d d i t i o n a l  a r e a  i n  which work was done was i n  respect t o  
c leaning.  A d u s t  p a r t i c l e  w i t h i n  t h e  o p t i c a l  pa th  i n  t h e  i n t e r f e r o m e t e r  
s c a t t e r s  t h e  i l l u m i n a t i o n  and a c t s  a s  a weak coherent  source.  This  s c a t t e r e d  
l i g h t  i n t e r f e r e s  wi th  t h e  u n s c a t t e r e d  l i g h t  and c r e a t e s  a weak, b u t  observable,  
phase and i n t e n s i t y  v a r i a t i o n  p a t t e r n  i n  t h e  f i n a l  i n t e r f e r e n c e  image. This  
phase v a r i a t i o n  then  appears i n  t h e  output d a t a  a s  a t t r i b u t e d  t o  t e s t  m i r r o r  
f i g u r e  e r r o r .  To reduce t h i s  source of e r r o r ,  a l l  o p t i c a l  elements w i t h i n  
t h e  i n t e r f e r o m e t e r  were cleaned i n  accordance wi th  d i r e c t e d  procedures f o r  
the various surface cnatings. This  was done a t  t h e  same t i m e  t h a t  t h e  pinhole  
was r ep laced  and, because of t h e  small magnitude of t h e  o r i g i n a l  e f f e c t s ,  no quan t i -  
t a t i v e  d a t a  was taken t o  eva lua te  t h e  improvements. Visual  obse rva t ions  of t h e  
image p a t t e r n  i n d i c a t e d  t h a t  t h e  undesired e f f e c t s  were reduced, and no evidence 
of them i s  now s e e n  i n  t h e  raster scans.  

3 . 4  MODIFICATIONS FOR ALIGNMENT 

Seve ra l  component mounts were modified t o  f a c i l i t a t e  optimum 
alignment of t h e  in t e r f e romete r .  The housing con ta in ing  t h e  beam expander, 
s h o r t  f o c a l  l e n g t h  l e n s  and t h e  s p a t i a l  f i l t e r  p inho le  was modified t o  a l low 
b e t t e r  c o n t r o l  over  t h e  p o s i t i o n  of the p inho le  r e l a t i v e  t o  t h e  l ens .  Th i s  
a l lows  adjustment  f o r  maximum i l lumina t ion .  The mounting of t h e  long f o c a l  
l e n g t h  l e n s  was a l s o  modified t o  allow it t o  be independently a d j u s t e d  t o  
g i v e  a good plane wavefront from t h e  beam expander. When t h e  p inho le  image 
f o l d i n g  m i r r o r  was replaced, a new mount was provided f o r  it and f o r  t h e  
k n i f e  edges used i n  t h e  Foucaul t  t es t .  This mount a l lows t h e  a s s o c i a t e d  
elements t o  b e  more convenient ly  manipulated i n t o  t h e  d e s i r e d  p o s i t i o n s  f o r  
v a r i o u s  obse rva t ions .  
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3.5 MEASURED PERFORMANCE 

Figure 2 is a copy of a set of data taken to evaluate the perform- 
ance of the interferometer. This data is a set of raster scan measurements of 
the image formed at the scanning detector taken with a precision flat mirror 
mounted in place of the decollimating lens and segmented mirror shown in figure 
1. 
the mirror aligned. 
at the bottom of the page has changed the equivalent of h / 5 0  in the lower re- 
gion of  the aperture relative to the center of the aperture during the ten min- 
utes required to complete the measurements. This is caused by thermal drift of 
the interferometer. The small ripple of the trace of about h/100 peak-to-peak 
is near the resolution limit for this system, based on the illumination level 
utilized, the detector quantum efficiency, the number of multiplexed informa- 
tion channels, and the recorder response time constant. 

When these measurements were taken, there was no active control keeping 
It is observed that the second measurement, marked "Finish", 

The curvature of the profiles, indicated by the solid lines drawn 
through the raster scans in figure 2, is caused b a slight curvature of the 
wavefront as it leaves the beam expanding telescope (lens 3 in figure 1). The 
curvature observed represents a mispositioning of approximately 0.0005 inches 
in the spacing of the two elements of lens 3.  It could be removed entirely by 
adjusting the element spacing exactly; however, the system can accommodate 
small amplitudes of spherical curvature of the wavefront by adjusting the 
spacing of the decollimating lens (Lens 1 in Fig. 1) and the segmented mirror, 
without introducing an error in the positioning of the mirror segments. 

a 
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4 .  CQNTWL SYSTEM MODIFICATION 

4 . 1  APPRCIACH 

The o b j e c t i v e s  of t h e  work on t h e  c o n t r o l  system were t o  provide a 
system which would accomodate moderate t iai i~ief i t  inputs and make i t  p o s s i b l e  
t o  determine t h e  fundamental l i m i t s  of performance. The s e l e c t e d  approach 
c o n s i s t s  of:  

a .  Automation of po r t ions  of t h e  alignment sequence. 

b .  Averaging of alignment e r r o r s  i n  both t i m e  and 
space. 

c .  I n t r o d u c t i o n  of a degree of a d a p t i v e  con t ro l .  

The c o n t r o l  system may be divided i n t o  t e n  modules: Con t ro l  Logic, 
Scan Generator,  E lec t ro -Opt i ca l  Scanner, In t e r f e romete r ,  Ambiguity Sensor, 
E l e c t r o n i c  Amplif iers  and Phase Detectors ,  Switching Networks, S t a b i l i z a t i o n  
Networks, Servo Amplif iers ,  and Actuators .  F igu re  3 shows t h e  i n t e r r e l a t i o n - , ,  
s h i p  between t h e s e  modules. The scanner, ambiguity senso r ,  s e rvo  a m p l i f i e r s ,  
and a c t u a t o r s  were used from t h e  o r i g i n a l  experiment.  A small mod i f i ca t ion  
was made on t h e  a c t u a t o r s .  T h i s  i s  descr ibed i n  paragraph 4.2.5.  The ampli- 
f i e r  and phase d e t e c t o r  p r i n c i p i e s  v f  o p e i s t i o n  'r;ere nct  chs~gedf however new 
c i r c u i t r y  was c o n s t r u c t e d .  The phase d e c t e c t o r  c i r c u i t  is desc r ibed  i n  Sec t ion  
4 .2 .3  as an example of t h e  c i r c u i t r y  used. 
swi t ch ing  networks, and s t a b i l i z a t i o n  networks were devised.  These a r e  des- 
c r i b e d  i n  Sec t ions  4 .2 .1 ,  4.2.2,4.2.4,  and 4.3. 
p o r t  8255 f o r  d e s c r i p t i o n s  of t h e  unmodified modules used from t h e  o r i g i n a l  
experiment .  

New c o n t r o l  l o g i c ,  scan gene ra to r ,  

The r eade r  is r e f e r r e d  t o  p& R e -  

The approach t o  the  modified c o n t r o l  system is  b e s t  desc r ibed  i n  
terms of t h e  new scan  p a t t e r n  f o r  t h e  i n t e r f e r o m e t e r  f r i n g e  p a t t e r n  scanner .  
I n  t h e  modified experiment a c i r c u l a r  acan cove r s  one segment a t  a t i m e .  The 
c i r c l e  d i ame te r  is c o n t r o l l e d  by an AGC so t h a t  i n  t h e  presence of a l a r g e  
al ignment  e r r o r ,  t h e  c i r c l e  is small; and conversely,  when alignment is  c o r r e c t ,  
t h e  c i r c l e  s i z e  i s  l a r g e .  The scanner is a l s o  e l e c t r o n i c a l l y  comnutated a t  a 
ve ry  h i g h  ra te  back and f o r t h  between t h e  circumference and t h e  c e n t e r  of t h e  
c i r c l e .  The c i rc le  c e n t e r  is used as a r e f e r e n c e  s p o t  for t he  phase d e t e c t o r s  
which are used i n  sens ing  alignment e r r o r s .  Alignment e r r o r s  are measured by 
comparing t h e  f r i n g e  p a t t e r n  phase at t h e  c i rc le  circumference w i t h  t h e  phase 
a t  t h e  c e n t e r .  T h i s  g i v e s  a l a r g e  amount of space-averaging compared t o  t h e  
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s i n g l e  s p o t  measurements used o r i g i n a l l y .  
gene ra t e s  a l ignnen t  e r r o r  d a t a  f o r  t h r e e  c o n t r o l  channels:  two tilt axes and 
one a x i a l  o r  focus channel .  

Each c i r c u l a r  scan s imultaneously 

The c i r c u l a r  scan and i t s  c e n t e r  spo t  are stepped from one segment 
t o  t h e  nex t  a t  a three step-per-second rate .  
f o r  a l l  n ine  a c t u a t o r  channels  each second. 
are  routed t o  the a p p r o p r i a t e  c o n t r o l  channel by switching networks i n  which 
t h e  switching is synchronized w i t h  t h e  c i r c u l a r  scan by a c o n t r o l  l o g i c  module. 

~ k t e  ccatm1 signsls 8re generated 
These alignment e r r o r  v o l t a g e s  

The modified approach c o r r e c t s  f o r  t i l t  by push-pul l  a c t i o n ,  w i t h  
t h e  a x i s  of m i r r o r  r o t a t i o n  passing through a s p o t  corresponding t o  t h e  c e n t e r  
of t h e  scan  c i r c l e .  Axial  c o n t r o l  f o r  a p a r t i c u l a r  segment is obtained by 
s imultaneously d r i v i n g  a l l  t h r e e  a c t u a t o r s  i n  t h e  same d i r e c t i o n .  Thus, t h e r e  
i s  no c r o s s t a l k  between channe l s .  

The s t a b i l i z a t i o n  networks c o n s i s t  of long t i m e -  constant ,  low-pass 
f i l t e r s  t o  provide t i m e  averaging of the f i g u r e  e r r o r s .  Time c o n s t a n t s  on t h e  
o r d e r  of t e n  seconds are used. This ,  i n  coinbination wi th  t h e  automatic scan 
s i z e  c o n t r o l ,  g ives  a high degree of immunity t o  t r a n s i e n t s .  It was a l s o  nec- 
e s s a r y  t o  inc lude  compensation networks i n  a l l  channels  t o  provide adequate 
phase margin f o r  closed-loop c o n t r o l .  A d i s c u s s i o n  of t h e  c o n t r o l  loop as a 
s e r v o  system is given i n  Sec t ion  4.3. 

Because tilt, focus,  and a x i a l  alignment e r r o r s  are generated sirn- 
u l t aneons ly ,  and because t h e r e  i s  minimum c r o s s t a l k  between c o n t r o l  channels, 
it i s  now p o s s i b l e  i n  p r i n c i p l e  t o  perforin alignment i n  only two s t e p s .  The 
f i r s t  s t e p  b r i n g s  a l l  segments i n t o  tilt alignment and segment I i n t o  focus 
a l i g n n e n t .  The second s t e p  b r ings  segments I1 and I11 onto a common re fe rence  
sphere c o n c e n t r i c  w i th  segment I. Furthermore, t i m e  and s p a t i a l  averaging 
have improved the accuracy of t h e  alignment and cons ide rab ly  reduced t h e  e f f e c t s  
of e x t e r n a l  t r a n s i e n t s .  

4 - 2  DE SC RIPT 103 

Figure  4 is a funct ' ional  diagram of t h e  e l e c t r o n i c  p o r t i o n s  of t h e  
modif ied Active Opt i c s  experiment.  The major elements i n  F igu re  4, correspond- 
ing t o  t h e  modules o f  F igu re  2, are i d e n t i f i e d  by boxed t i t l e s  and are enclosed 
i n  d o t t e d  l i n e s .  The flow of e r r o r  da t a  and c o n t r o l  s i g n a l s  i s  ind ica t ed  by 
heavy arrows.  A number of e l e c t r o n i c  switches are jn- 
d i c a t e d  by t h e  symbol shown a t  t h e  r i g h t ,  where a = 
i npu t ,  c =: output ,  and b = c o n t r o l  lead. .__\tee 

The e l e c t r o n i c  func t ions  performed by t h e  
modules in F i g u r e  4 w i l l  now be discussed,  and examples of t h e  c i r c u i t r y  used 
w i l l  b e  given.  
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4 . 2 . 1  Con t ro l  Logic Module 

This module c r e a t e s  t iming waveforms f o r  t he  scan g e n e r a t o r  and syn- 
chronized g a t e s  t h a t  c o n t r o l  t h e  switching networks. 

The c o n t r o l  l o g i c  module is keyed t o  a 2880 Hz c l o c k  shown i n  t h e  
upper left-hand c o r n e r  of f i g u r e  4 ( s h e e t  1 of 2 ) .  This  frequency i s  fed d i -  
r e c t l y  t o  t h e  scanner t o  c o n t r o l  i t s  r a p i d  commutation between c i r c l e s  and cen- 
t e r  s p o t s .  The same waveforms c o n t r o l  t h e  decommutation of t h e  scanner  output  
s i g n a l  v i a  switch ES-5. The 2880 Hz i s  a l s o  f ed  t o  a s e r i e s  of d i v i d e r s  which 
count down t o  one Hz. Seve ra l  waveforms a r e  e x t r a c t e d  from t h e  d i v i d e r s  and 
fed t o  t h r e e  l o g i c  networks. 

The f i r s t  l o g i c  network performs segment s e l e c t i o n  f o r  t h e  scanner  
sweep. Three segments a r e  sampled s e q u e n t i a l l y  i n  a 1-second frame pe r iod  a t  a 
t h r e e  step-per-second r a t e .  The second l o g i c  network gene ra t e s  two 3 Hz square 
waves sepa ra t ed  i n  phase by 90°, from which a c i r c u l a r  scan i s  gene ra t ed .  
t h i r d  l o g i c  network gene ra t e s  c o n t r o l  g a t e s  f o r  t h e  e r r o r  switching networks. 
These g a t e s  a r e  r e f e r r e d  t o  as "D and E logic"  i n  f i g u r e  4 .  The switches oper- 
a t e  i n  synchronism w i t h  t h e  f r i n g e  p a t t e r n  scan so  t h a t  t i l t ,  a x i a l ,  and focus 
alignment e r r o r s  a r e  routed t o  t h e  c o r r e c t  c o n t r o l  channel .  

The 

An understanding of t h e  synchronism between the  scan  waveform and 
e r r o r  s i g n a l  switching can b e s t  be obtained by r e f e r r i n g  t o  f i g u r e  5. 
shows t h e  scan  p a t t e r n ,  w i th  maximum c i r c l e  diameter ,  superimposed upon an  out- 
l i n e  of t he  segmented m i r r o r .  Also shown are t h e  p o s i t i o n s  of t h e  a c t u a t o r s  
behind t h e  m i r r o r .  The dot-dash l i n e s  are t h e  axes of r o t a t i o n  f o r  t h e  t ilt  
motions.  Fo r  example, channel  2 t i l t  alignment r o t a t e s  segment I about a l i n e  
p a r a l l e l  t o  a l i n e  between a c t u a t o r s  1 and 3 and pass ing  through t h e  c e n t e r  of 
t he  scan c i r c l e .  The numerals about t h e  pe r iphe ry  of t h e  c i r c l e s  r e p r e s e n t  36 
t i m e  b i n s  p e r  scan frame pe r iod  of one second. During t h e  f i r s t  12 t i m e  b i n s ,  
alignment e r r o r s  a r e  measured f o r  segment I: b i n s  1 t o  12 g e n e r a t e  focus d a t a ,  
b i n s  1, 12, 11, 10 and 9 g e n e r a t e  t ilt  e r r o r s  f o r  channel  2, b i n s  3, 4 ,  5, 6 and 
7 gene ra t e  t i l t  e r r o r s  f o r  t h e  same channel,  which are i n v e r t e d  and added t o  t h e  
t i l t  e r r o r s  from b i n s  1, 12, 11, 10 and 9 .  S i m i l a r l y ,  e r r o r  s i g n a l s  are gene ra t ed  
f o r  t he  o t h e r  t ilt  a x i s .  Thus, one c i r c u l a r  scan g e n e r a t e s  alignment e r r o r  d a t a  
f o r  t h r e e  c o n t r o l  channels  f o r  a s i n g l e  segment. 

T h i s  

The c i r c u l a r  scan s t e p s  s e q u e n t i a l l y  from one segment t o  t h e  n e x t .  
It is t h e r e f o r e  necessary t o  switch a sample of t h e  measured alignment e r r o r  
d a t a  t o  t h e  proper c o n t r o l  channel  i n  accordance w i t h  t h e  t i m e  b i n  r e l a t i o n s h i p  
implied by f i g u r e  5. The exac t  switching l o g i c  i s  l i s t e d  i n  t a b l e  I. The num- 
b e r s  i n  t a b l e  I correspond t o  t h e  36 t i m e  b i n s  shown i n  f i g u r e  5.  The " p o s i t i v e "  
and "negative" c a t e g o r i e s  i n  t a b l e  I i n d i c a t e  t i m e  b i n s  du r ing  which t h e  measured 
alignment e r r o r  sense w i l l  be p o s i t i v e  o r  n e g a t i v e .  
t he  t i m e  b i n  logic  of t a b l e  I are r e f e r r e d  t o  as "D & E Logic" and are  used t o  
c o n t r o l  t h e  switching network module. 

Time g a t e s  corresponding t o  

Examples of t h e  c i r c u i t r y  used t o  g e n e r a t e  t h e  D and E l o g i c  are  
given i n  f i g u r e s  6 and 7 .  The waveforme of f i g u r e  6 (a) are  e x t r a c t e d  from 
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I 
t h e  d i v i d e r s .  These a r e  combined by the  diode l o g i c  of 6 (b) t o  produce se- 
q u e n t i a l  time b i n  g a t e s ;  one g a t e  f o r  each of t he  f i r s t  12 b i n s  i s  produced by 
t h e  c i r c u i t r y  shown. 
D and E log ic  waveforms. Con t ro l  waveforms f o r  channels 2 and 3 only a r e  pro- 
duced by the c i r c u i t r y  shown. Altogether  15 waveforms make up the  D and E 
l og ic ,  and these  c o n t r o l  t h e  15 e l e c t r o n i c  switches i n  the switchirig cetw~rk 
nodule ( f i g u r e  4, shee t  2) which a r e  l abe led  "ES-6 t h r u  ES-14". The a c t u a l  
waveform of the  D 5 E l o g i c  i s  shown i n  f i g u r e  8. 

These a r e  then combined a s  shown i n  f i g u r e  7 t o  produce 

Figure 8. D and E Logic Waveforms 

4.2 - 2  Scan Generator Module --- 
The scan gene ra to r  module gene ra t e s  d e f l e c t i o n  waveforms f o r  t h e  

c o n t r o l  of t h e  e l e c t r o - o p t i c a l  scanner.  The waveforms must cause t h e  scanner 
t o  sample  t h e  i n t e r f e r o m e t e r  f r i n g e  p a t t e r n  s o  t h a t  n ine  alignment e r r o r  s i g -  
n a l s  can  be e x t r a c t e d .  This  i s  done by a combination of c i r c u l a r  scans of 
each segment w i t h  phase r e fe rence  spots  a t  t h e  c e n t e r  of each c i rc le .  

The c o n t r o l  l og ic  module f eeds  two square waves, s epa ra t ed  i n  
phase by 90°, t o  t h e  scan gene ra to r .  These a r e  fed t o  two m u l t i p l i e r s ,  a t  
which po in t  t h e  amplitude i s  adjusted by an AGC vo l t age  between t h e  va lues  
of 15 percent  and 100 pe rcen t .  The two zxtremes of scan amplitude correspond 
t o  dimensions on t h e  m i r r o r  of 1 and 7 inch diameter .  This  adjustment of t h e  
scan  diameter  i s  necessary because the  f i g u r e  sensor  e r r o r  vo l t age  becomes 
ambiguous i n  t h e  presence of l a r g e  alignment e r r o r s .  
t h e  scan  i s  c o n t r o l l e d  by t h e  AGC c i r c u i t  t o  r e s t r i c t  t he  scan s i z e  t o  cover  
less than one f r i n g e  i n  the  in t e r f e romete r  p a t t e r n .  The AGC vo l t age  i s  der-  
ived by a d e t e c t o r  a t  t h e  phase d e t e c t o r  output  which responds t o  any 3 Hz 
component i n  t h e  measured alignment e r r o r  vo l t age .  

To accomodate t h i s  f a c t o r ,  
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The 3 Hz square wave sweep v o l t a g e s  a r e  passed through bandpass 
f i l t e r s  which pass  only t h e  fundamental frequency. Two sinewaves a r e  produced, 
with a r e l a t i v e  phase o f  go", which gene ra t e  a c i r c u l a r  scan when fed t o  the  X 
and Y d e f l e c t i o n  channels.  The sinewaves a r e  then summed wi th  a d-c v o l t a g e  
corresponding t o  the  c e n t e r  o f  each segment. 
cycled by the  segment s e l e c t o r  switches ES-1 and 2 .  Figure 9 shows the scan 
d e f l e c t i o n  waveforms a t  t h i s  p o i n t .  

Th i s  d-c v o l t a g e  is au tomat i ca l ly  

It i s  necessary t o  commutate the scan vo l t age  wi th  t h r e e  o t h e r  
v o l t a g e s  before sending i t  t o  the scanner d e f l e c t i o n  c i r c u i t r y .  The scanner 
commutator, ES-3 and 4 ,  o p e r a t e s  a t  a s t e p  r a t e  o f  2880 s t e p s  per  second and 
a frame r a t e  o f  720 Hz. There a r e  four  scan channels provided i n  the  system. 
Channel A i s  for  t he  c i r c u l a r  scan, channel B samples t h r e e  c e n t e r  s p o t s  (one 
f o r  each segment), channel C samples a spot  a t  t he  c e n t e r  of segment I, which 
i s  used as the fundamental r e f e r e n c e  po in t ,  and channel D i s  c o n t r o l l e d  by an 
e x t e r n a l  vol tage.  Figure 10 shows the  scan p a t t e r n  inc lud ing  the  t h r e e  c i r c l e s  
and t h r e e  cen te r  spo t s .  Also v i s i b l e  i n  the  f i g u r e  i s  t h e  e f f e c t  o f  the 2880 Hz 
commutation of the scanner.  

4.2.3 Phase Detectors  

Alignment e r r o r s  appear as v a r i a t i o n s  of r e l a t i v e  phase i n  the  
in t e r f e romete r  f r i n g e  p a t t e r n .  The phase s h i f t e r  i n  the  i n t e r f e r o m e t e r  conve r t s  
the f r i n g e  p a t t e r n  t o  a s i n u s o i d a l l y  f l u c t u a t i n g  p a t t e r n ,  a t  a 60 Hz r a t e .  
This  is converted t o  a 60 Hz e l e c t r o n i c  s i g n a l  by t h e  e l e c t r o - o p t i c a l  scanner .  
Therefore,  alignment e r r o r s  become v a r i a t i o n s  i n  phase of a 60 Hz c a r r i e r  a s  
the scanner looks a t  v a r i o u s  p o s i t i o n s  i n  the f r i n g e  p a t t e r n  corresponding t o  
va r ious  p o i n t s  on the  mi r ro r  s u r f a c e .  

Since the  scanner i s  commutated between four  types of scan, t he  
e l e c t r o n i c  s igna l  i s  a composite o f  four  d a t a  samples .  The e l e c t r o n i c  s i g n a l  
i s ,  t h e r e f o r e ,  divided i n t o  four  s e p a r a t e  channels  by t h e  decommutation. switch 
ES-5. These four channels a r e  i d e n t i f i e d  i n  f i g u r e  4 as: A = e r r o r  s i g n a l ,  
B = c i r c l e  reference,  C = segment I re fe rence ,  D = r a s t e r  s i g n a l .  

Alignment e r r o r  s i g n a l s  f o r  t i l t  c o n t r o l  a r e  ob ta ined  by d e t e c t i n g  
phase d i f f e r e n c e s  between channels  A and B.  Axial  and focus e r r o r  s i g n a l s  a r e  
ob ta ined  from channels A and C. Channel D c o n t a i n s  a s i g n a l  corresponding t o  
an e x t e r n a l l y  c o n t r o l l e d  spo t  which may be l o c a t e d  anywhere on the  mi r ro r  f o r  
checking alignment of t h e  segments, with channel C as t h e  r e f e r e n c e .  

The ou tpu t  o f  each phase d e t e c t o r  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
cos ine  of t h e  phase angle  between the  r e fe rence  and s i g n a l s  under i n v e s t i g a t i o n .  
I t  i s  the re fo re  necessary t o  in t roduce  a 90" phase s h i f t  between s i g n a l  and 
r e f e r e n c e  channels so t h a t  t h e  phase d e t e c t o r  ou tpu t  will have b o t h  sign 
and amplitude d i r e c t l y  r e l a t e d  t o  phase d i f f e r e n c e .  
i ng  t h e  e r r o r  s i g n a l  and r e f e r e n c e  s i g n a l  by p l u s  and minus 45" r e s p e c t i v e l y  
with simple RC networks. 

T h i s  i s  provided by s h i f t -  

I n  order  t o  r e j e c t  i n c i d e n t a l  amplitude modulation which might 
e x i s t  i n  t he  s ignal  and a l s o  to o b t a i n  a l i n e a r  f u n c t i o n  of t h e  phase d i f f e r e n c e ,  
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Figure  9. C i r c u l a r  Scan Def l ec t ion  Waveforms 

Figure  10. Monitored C i r c u l a r  Scan 
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t h e  inpu t  s i g n a l  t o  t h e  phase d e t e c t o r  i s  hard l i m i t e d .  I n  t h e  c i r c u i t  of 
f i g u r e  11, the l a r g e  v o l t a g e  g a i n  and wide dynamic range of t h e  o p e r a t i o n a l  
a m p l i f i e r  a l l o w  a sha rp  t r a n s i t i o n  a t  zero c r o s s i n g  wi th  a symmetrical, c l e a n ,  
and f la t - topped output waveform. Note t h a t  a zener  diode i s  used f o r  b r i d g i n g .  
Input  s i g n a l s  of 225 QV d r i v e  t h e  output t o  l i m i t i n g  v o l t a g e  a s  determined by 
t h e  zener  vo l t age .  

Square wave s i g n a l s  from t h e  l imi te rs  a r e  app l i ed  t o  t h e  phase 
d e t e c t o r s .  These produce r e c t a n g u l a r  wave ou tpu t s  i n  which the  p o s i t i v e  ( o r  
nega t ive )  duty c y c l e  is  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  phase d i f f e r e n c e  between 
t h e  two input s i g n a l s .  

An example of t h e  phase d e t e c t o r  c i r c u i t  is shown i n  f i g u r e  12. A 
p a i r  of complementary t r a n s i s t o r s  i s  used i n  con junc t ion  with an Operat ional  
a m p l i f i e r .  The switching t r a n s i s t o r s  are  operated i n  an inve r t ed  mode t o  n i n -  
imize o f f s e t .  When a p o s i t i v e  r e fe rence  v o l t a g e  i s  app l i ed ,  t h e  NPN t r a n s i s t o r  
i s  ON and t h e  PNP t r a n s i s t o r  is OFF. 
t h e  s i g n a l  t o  

Thus, t h e  o p e r a t i o n a l  a m p l i f i e r  i n v e r t s  

R, 
L e = - e  - 

0 i R1 

With a negat ive r e fe rence  v o l t a g e ,  t h e  s i t u a t i o n  
p l i f i e r  oatput  becoaes 

R2 X R1 + R2 e = e  
0 i 

R1 + R2 R1 

w i l l  be reversed and t h e  am- 

- R2 

R1 

- e  - i 

Thus, full-wave demodulation i s  achieved by switching t h e  a m p l i f i e r  back and 
f o r t h  from negative t o  p o s i t i v e  a m p l i f i c a t i o n .  

4.2.4 S@ tching Networks 

The switching networks, shown i n  f i g u r e  4, a c c e p t  alignment 
e r r o r  s i g n a l s  from t h e  phase d e t e c t o r s ,  D & E swi t ch ing  s i g n s l s  from t h e  con- 
t r o l  l og ic ,  and slew v o l t a g e s  from t h e  a x i a l  slew c o n t r o l .  From these ,  v i a  
a p p r o p r i a t e  combinations of switching and summations, c o n t r o l  s i g n a l s  are  gen- 
e r a t e d  f o r  each a c t u a t o r .  

Focus e r r o r  s i g n a l s  c o n t r o l  a l l  t h r e e  a c t u a t o r s  i n  segment I. T i l t  
e r r o r  s i g n a l s  cause push-pul l  o p e r a t i o n  of a l l  t h r e e  a c t u a t o r s  c o n t r o l l i n g  t h e  
segment concerned. Axial c o n t r o l  of segments I1 and I11 is  de r ived  i n i t i a l l y  
from a manually a d j u s t e d  s l e w  c o n t r o l .  When t h e  wh i t e  l i g h t  i n t e r f e r o m e t e r s  
i n d i c a t e  t h a t  segment I1 i s  c o s p h e r i c a l  w i t h  segment I, r e l a y  Rs-% i s  act i - -  
va t ed .  This  causes a x i a l  alignment t o  be maintained via  e r r o r  v o l t a g e s  f r m  
t h e  phase d e t e c t o r s  desc r ibed  i n  S e c t i o n  4.2.3. 
RS-2, is used f o r  segment 111. 

The same sequence, employing 

The f i l t e r  and s t a b i l i z a t i o n  networks are desc r ibed  i n  t h e  aervo 
system d i scuss ion  of S8c t ion  4 . 3 .  

1 

1 I 
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Figure 11. Hard Limiter Circuit 
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.Figure 12.  Phase Detector Circuit 

25 



4 . 2 . 5  A c t u a t o r s  

During t h e  t roub le shoo t ing  phase of t h e  work, u n s t a b l e  c o n t r o l  
loop operat ion was encountered.  
s p r i n g  windup and unsymmetrical damping i n  t h e  a c t u a t o r s .  I n  some cases, 35O 
t o  50' of unan t i c ipa t ed  phase l a g  w a s  found. Modi f i ca t ion  of t h e  s o f t  s p r i n g  
i n  t h e  a c t u a t o r s  was r equ i r ed  t o  o b t a i n  adequate performance. 
t y p i c a l  a c t u a t o r  responses f o r  poar and goad o p e r a t i o n .  

This  was found t o  be caused by g o a r t r a i n  

F igu re  13 shows 

4 . 3  SERVO SYSTEM 

The o b j e c t i v e s  of t h e  modified se rvo  design were t o  provide: 1) 
adequate g a i n  f o r  a c c e p t a b l e  o v e r a l l  accuracy, 2) s u f f i c i e n t  i n t e g r a t i o n  t o  
n u l l i f y  t h e  e f f e c t s  of e x t e r n a l  t r a n s i e n t s ,  and 3) adequate phase margin t o  
g ive  an overdamped t i m e  response.  The se rvo  des ign  w i l l  be desc r ibed  i n  tenns 
of one tilt c o n t r o l  loop. 
va lues ,  apply f o r  t h e  focus and a x i a l  c o n t r o l .  

The same c o n s i d e r a t i o a s ,  w i t h  d i f f e r e n t  numerical  

A s e rvo  diagram f o r  one tilt  c o n t r o l  loop (see f i g u r e  14) 
shows t h e  important elements considered.  These w i l l  now be d i scussed  
b r i e f l y .  
60 Hz carrier is r e l a t e d  t o  t h e  m i r r o r  s u r f a c e  p o s i t i o n  i n  t h e  Z axis by 

The senso r  t r a n s f e r  f u n c t i o n  is  such t h a t  t h e  phase qje o r  & of t h e  

'd '0 
@ = 

which has  a numerical va lue  of 

4 
'e (b = 5.4 x 10 

As s t a t e d  e a r l i e r ,  t h e  senso r  is commutated between t h e  m i r r o r  area 

The s e n s o r  a l s o  has a m u l t i p l i c a t i v e  n o i s e  sou rce  caused 
of i n t e r e s t  and a r e f e r e n c e  spo t  i n  t h e  c e n t e r  of each segment, t h u s  b o t h  Oe 
and dr are  generated.  
by photon noise  i n  t h e  laser i l l u m i n a t i o n .  

The e r r o r  and r e f e r e n c e  channels  have matching f i l t e r s .  These 
e l i m i n a t e  the scan commutation frequency and a l s o  p rov ide  i n i t i a l  photon-noise 
f i l t e r i n g .  This i s  necessary t o  prevent  s igna l - t imes -no i se  c r o s s  p roduc t s  i n  
t h e  phase d e t e c t o r  which might otherwise cause  s e r i o u s  suppres s ion  of t h e  s i g n a l .  

The phase d e t e c t o r  g e n e r a t e s  a d-c v o l t a g o  (ee) p r o p o r t i o n a l  t o  t h e  
phase d i f f e r e n c e  between t h e  s i g n a l  and r e f e r e n c e  carr ier  8 

= *5.7 (lr #J% 
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The s i g n a l  i s  then  a t t e n u a t e d  by a f a c t o r  of t h r e e  because of t h e  t i m e  s h a r i n g  
of t h e  scanner between t h e  t h r e e  segments, which occurs  a t  a 30 p e r c e n t  du ty  
c y c l e  pe r  segment. This  t i m e  sha r ing  i s  c o n t r o l l e d  by t h e  D 
and E l o g i c .  

Thus K3 = 1/3. F 
t 

I 

It w a s  found i n  t h e  earlier experiment t h a t  a n o i s e  f i l t e r  i s  re- 
qu i r ed  w i t h  a break p o i n t  a t  approximately 1 Hz t o  avoid photon n o i s e  f o r  t h e  
p a r t i c u l a r  laser i l l u m i n a t i o n  and image d i s s e c t o r  scanner used. However, t h e  
e r r o r  v o l t a g e  is pulsed a t  t h i s  p o i n t  i n  t h e  system because of  D and E l o g i c  
switching, which .made i t  necessary t o  inc rease  t h e  t i m e  cons t an t  of t h e  n o i s e  
f i l t e r  t o  T = 0.5 second. 3 

The next  element i n  f i g u r e  14, t h e  s t a b i l i z a t i o n  network, i s  a lag- 
l ead  f i l t e r .  The l a g  provides a long time cons t an t  f o r  t r a n s i e n t  inanunity and 
t h e  l ead  i s  necessary as phase compensation t o  prevent  excess ive  phase s h i f t  i n  
t h e  o v e r a l l  loop. The r a t i o  of T /T was s e l e c t e d  t o  ma in ta in  t h e  c a l c u l a t e d  
open-loop phase response below 133" t o r  f r equenc ie s  below t h e  zeco g a i n  p o i n t .  
A phase margin of 45" was needed because of t h e  u n c e r t a i n t y  i n  t h e  a c t u a t o r  res- 
ponse. 

1 
The s t a b i l i z a t i o n  network a l s o  c o n t a i n s  a g a i n  f a c t o r ,  K4, which i s  

used t o  a d j u s t  o v e r a l l  c o n t r o l  loop ga in .  A f i n a l  s e l e c t i o n  of c o n t r o l  loop 
g a i n  i s  made by a d j u s t i n g  t h e  va lue  of K4 f o r  accep tab le  squa re  wave response.  
The K4 g a i n  f a c t o r  i s  set  a t  u n i t y  i n  the tilt channels f o r  i n i t i a l  al ignment 
and is au tomat i ca l ly  reduced t o  0.1 when alignment i s  c o r r e c t .  
f o r  focus and a x i a l  channels are f i x e d  a t  0.1 and 0.4 r e s p e c t i v e l y .  

1 
I 
c 
t 

Values  of K4 

The servomotor a m p l i f i e r  minor loop i s  i d e n t i c a l  t o  t h e  o r i g i n a l  de- 
s i g n .  It has a frequency response out  t o  22 Hz and t h e r e f o r e  has l i t t l e  e f f e c t  
on t h e  closed-loop ope ra t ion .  The g a i n  cons t an t  for t h e  gea r  t r a i n ,  lead screw, 
and differential s=r i r?g Eire alsc! mchznged; Therefnrer 

r ev (servomotor a m p l i f i e r )  Kg 26 
S - w s e c  e vdc 
- - -  

K = -  I dimensionless (gear  t r a i n )  
g 227 

L 40 r e v  
K = - -  inn ( l e ad  screw) 

dimensionless ( d i f f e r e n t i a l  s p r i n g )  K1 1 

K2 
- - -  - 170 to 225 

Note t h a t  t h e  s t a b i l i z a t i o n  network f o r  a t ilt  loop f eeds  a l l  t h r e e  
servomotor a m p l i f i e r s  f o r  t h e  p a r t i c u l a r  segment, one servo w i t h  a k1.0 s i g n a l  
and t h e  o t h e r  two w i t h  a -1/2 s i g n a l .  This provides  t h e  push-pul l  t i l t  c o n t r o l  
d e s c r i b e d  earlier. 

I 
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The m i r r o r  suspension is such t h a t  one a c t u a t o r  r o t a t e s  t h e  m i r r o r  
about a l i n e  i n t e r s e c t i n g  t h e  o t h e r  two a c t u a t o r s ,  where t h e  d i s t a n c e  (d) be- 
tween t h e  a x i s  of r o t a t i o n  and t h e  a c t u a t o r  p o i n t  of c o n t a c t  i s  4.25 inches .  
The r e sonan t  frequency of t h e  m i r r o r  suspension was c a l c u l a t e d  t o  be approxi- 
mately 22 Hz and measured t o  be c l o s e r  t o  30 Hz, t hus  i t  a l s o  has  l i t t l e  e f f e c t  
on t h e  closed-loop se rvo  s t a b i l i t y .  
suspension,  was not  s u f f i c i e n t .  This  was c o r r e c t e d  by t h e  a d d i t i o n  of s i l a s t i c  
p u t t y  t o  t h e  a c t u a t o r  s p r i n g s .  

It was found t h a t  damping of t h e  m i r r o r  

The open loop t i l t  channel response can  be w r i t t e n  as: 

where: 

T = t i m e  cons t an t  

K = g a i n  f a c t o r  

D = damping f a c t o r  

n 

n 

By i n s e r t i n g  t h e  measured va lues  f o r  t h e  c o n s t a n t s  ( t a b l e  11) i n t o  
t h i s  expression and s o l v i n g  f o r  t h e  v e l o c i t y  c o n s t a n t ,  t h e  fol lowing i s  found: 

2.4 = -  
W 

f o r  G ( d d c  = 1 is: 
fO, 

From t h i s ,  t h e  frequency, 

fo = 0.37 Hz 
I 

f i s  l o c a t e d  on F ig .  15 by t h e  i n t e r s e c t i o n  of t h e  z e r o  g a i n  l i n e  w i t h  an  
e x t r a p o l a t i o n  of the very low frequency response cu rve .  
loop g a i n  and phase c h a r a c t e r i s t - i c s  of a t y p i c a l  tilt c o n t r o l  channel  are 
shown i n  f i g u r e  15. A Nichols c h a r t  p l o t  of t h e  d a t a  i n  f i g u r e  15 i n d i c a t e s  
t h a t  t h e  closed-loop u n i t - s t e p  response should have less than  20% ove r shoo t .  

0 The c a l c u l a t e d  open- 
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TABLE I1 

NUMERICAL VALUES FOR EQUATION (11 

Term I Component 

Figure Sensor 

Phase Detector 

Logic Switching 

Servo Amplifier 

Stabilization Network 

Gear Reduction 

Lead Screw 

Differential Spring 

Mirror Suspension 

Carrier Amplifier 

Noise Filter 

Stabilization Network 

Stabilization Network 

Servo Amp/Motor 

Value 

5 x 10 4 x Ze(W)  in. nrad 

5.7 vdcjn rad 

1 /3  (dimensionless) 

26/w rev/sec Vdc 

1/10 focus channel 
2 /5  axial channel 
1/10 tilt channel 
1/227 (dimensionless) 

1/40 in. /rev. 

1/170 to 1/225 
(dimensionless) 

0.005 sec. 

0.004 sec, 

0.5 sec. 

10 sec. 

3 sec. 

0.007 sec. 
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Figure 15. Control Loop Bodie  Diagram 
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$ MS-2. A small allgrment-error sensing scan SegLns for each segment. T i l t  
alignment occurs at a rapid rate at the beginning. As tilt is corrected for 
all three segments, the scan size increases, tilt control rate slows down, and 
axial alignment errors are generated. MS-4 is then closed and focus alignment 
begins for segment I. This is done by switching MS-3 on and MS-7 to position 
No. 2, which initiates a fixed slew. To save time and prior to this step, a 
manual scan is made of both segments I1 and I11 to find the sense of the axial 
alignment error and the axial slew direction is selected with switch MS-8. 
Axial slew continues until the white light interferometer indicates confocal 
coincidence between segments I and I1 by closing relay RS-1. 
removes the axial slew, closes the axial control l oop  for segment 11, and reduces 

i 
1 

Activation of RS-1  
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5. SYSTEM PERFORMANCE 

5 . 1  CONTROL SYSTEM TEST DATA 

S i g n a l  and n o i s e  l e v e l s  were measured i n  t h e  e l e c t r o n i c s  wi th  re- 
s u l t s  as shown i n  t a b l e  111. Figure 16 con ta ins  recordings of t h e  d-c e r r o r  
s i g n a l  versus  m i r r o r  p o s i t i o n  f o r  a tilt  c o n t r o l  channel and f o r  t h e  ras te r  
channel .  F igu re  17 con ta ins  recordings,  a t  an inc reased  ga in  s e t t i n g ,  o f  t h e  
d-c n o i s e  level f o r  t h e  same channels .  Figure 18 shows t h e  square wave response 
of a t i l t  c o n t r o l  loop a t  high and low g a i n  s e t t i n g s  corresponding t o  K -1.0 
and 0 .1 .  Data f o r  t h e  focus channel i s  no t  presented because t h e  n o i s e  l e v e l s  
a r e  very much smaller and t h e  response t i m e  i s  on t h e  o r d e r  of many minutes.  

4- 

Figure 19 shows t h e  response of the system t o  e x t e r n a l  t r a n s i e n t s .  
These t r a n s i e n t s  were introduced by a 160 l b  person leaning heav i ly  on t h e  
vacuum tank and then  r e l e a s i n g  h i s  weight suddenly.  It can be seen  t h a t  t h e  
c o n t r o l  s y s t e m  i s  no t  d i s t u r b e d  s i g n i f i c a n t l y  and r ecove r s  r a p i d l y .  

Figures  20 and 2 1  show a s e r i e s  of f r i n g e  p a t t e r n s  produced by t h e  
i n t e r f e r o m e t e r  a f t e r  automatic alignment.  

5.2 OVERALL PERFORMANCE 

Three methods of eva lua t ion  were u t i l i z e d  t o  determine t h e  o p t i c a l  
performance of t h e  complete sys t em.  The f i r s t  two methods provide q u a l i t a t i v e  
d a t a  and t h e  t h i r d  method provides q u a n t i t a t i v e  d a t a .  

5 .2 .1  P inho le  Photographic Recording 

The f i r s t  method u t i l i z e d  was t h e  photographic r eco rd ing  of t h e  op- 
t i c a l  image, formed by t h e  segmented mirror,  of a small  l i g h t  source loca ted  
nea r  t h e  c e n t e r  of c u r v a t u r e .  The nominal diameter of t h i s  source was 0.0001 
i n c h .  The image formed was magnified by a microscope of approximately 375  mag- 
n i f i c a t i o n  which a l s o  re-imaged t h e  pinhole upon t h e  photographic f i l m  s u i t a b l y  
mounted above t h e  microscope. A sample o f  t h e  photographs thus obtained i s  
shown i n  f i g u r e  22 .  Figure 22a is t h e  appearance of t h e  s e p a r a t e  images of t h e  
t h r e e  segments when they a r e  misaligned.. Figure 22b, which is  t o  t h e  same 
scale as Figure 22a, i s  t h e  s i n g l e  image formed by t h e  f u l l y  a l i g n e d  segments. 
I n  t h i s  f i g u r e  t h e  o v e r a l l  performance of t h e  system can be observed. The r e l a -  
t i v e  s i z e  of t h e  a l i g n e d  image compared t o  t h e  i n d i v i d u a l  segments, i n d i c a t e s  t h e  
achievement of h i g h e r  r e s o l u t i o n  i n  a d i f f r a c t i o n - l i m i t e d  image by us ing  
a d d i t i o n a l  r e f l e c t i n g  s u r f a c e s  properly a l igned  wi th  t h e  f i r s t  s u r f a c e .  The 
d i f f r a c t i o n  r i n g  formed about t h e  c e n t r a l  maximum i n  Figure 22b, i n d i c a t e s  t h a t  
t h e  m i r r o r  e x h i b i t s  minimal l a rge - sca l e  f i g u r e  e r r o r s .  This  i n d i c a t e s  t h a t  
n o t  on ly  are t h e  i n d i v i d u a l  segments of good f igu re ,  b u t  a l s o  t h e  c o n t r o l  sys- 
t e m  is  ma in ta in ing  very good alignment.  
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Figure 16. DC Error Signals ,  T i l t ,  Axia1,and Raster Channels 
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Figure 18. Square Wave Response, T i l t  and Axial Channels 
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F i g u r e  20, F r i n g e  P a t t e r n s  A f t e r  Automatic Alignment 
(Numbers r e f e r  t o  s e q u e n t i a l  a n g u l a r  p o s i t i o n s  
of  t h e  phase s h i f t e r  1 /4  wave p l a t e . )  
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L a t e r a l  
O f f - s e t  

Ax ia l  
Of f - se t  

L a t e r a l  
O f f - s e t  

F i g u r e  2 1 .  F r i n g e  P a t t e r n s  A f t e r  Automatic Alignmect 
( P i c t u r e s  taken  w i t h  phase s h i f t e r  motor 
o f f  and manual o f f - s e t  o f  d e - c o l l i h a t i n g  
l e n s  i n  t h e  i n t e r f e r o m e t e r . )  

(a )  Segments Misa l igned  (b )  Segments  Aligned 

F i g u r e  2 2 .  P inho le  Pho tograph ic  Record ings  
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5.2 .2  Foucaul t  Test  

The second method used t o  make q u a l i t a t i v e  measurement of  t h e  sys- 
tern performance was t h e  Foucaul t  t es t .  I n  t h e  performance o f  t h i s  measurement, 
t h e  d a t a  was recorded pho tograph ica l ly .  F igu re  23 i s  one of t h e  photographs s o  
t aken .  The e v a l u a t i o n  of  t h i s  d a t a  g ives  i n d i c a t i o n  of  t h e  c o r r e c t  tilt a l i g n -  
ment of t h e  t h r e e  segments.  
i n d i c a t e d  by a d i f f e r e n c e  i n  t h e  b r i g h t n e s s  of t h e  image of t h a t  segment as 
compared t o  t h e  segment t o  whose t i l t  i t  i s  be ing  compared. 
s i t y  of  t h e  t h r e e  segments in t h e  photograph i n d i c a t e s  very  good tilt  al ignment  
about  t h e  a x i s  f o r  which t h i s  measurment  was s e n s i t i v e .  

Any apparent  t ilt  e r r o r  of a g iven  segment i s  

The e q u a l  i n t e n -  

F igure  23. Foucaul t  Test Photograph 
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5.2.3 Raster Scan 

The p r o f i l e  of t h e  mi r ro r  f i g u r e  e r r o r s ,  as i n d i c a t e d  by phase s h i f t  
i n  t h e  i n t e r f e r e n c e  p a t t e r n  a t  t h e  output  of t h e  phase measurement in te r fe rom-  
eter,  was p l o t t e d  on an X-Y r eco rde r .  
s u p e r p o s i t i o n  a r e  shown i n  f i g u r e  24. 
of fou r  sets  of p r o f i l e  s cans .  The p r o f i l e s  were obta ined  by measuring and p l o t -  
t i n g  t h e  d i f f e r e n c e  i n  phase between a scanning spo t  and a r e fe rence  spo t  u s ing  
t h e  same type  of phase d e t e c t o r  used i n  t h e  c o n t r o l  system and feeding t h e  r e s u l t  
t o  t h e  X-Y recorder  w i th  a f i l t e r  t i m e  cons t an t  of 1/3 second. Each l i n e  scan  
took approximately one minute and each raster was completed i n  approximately one 
h a l f  hour .  The supe rpos i t i on  of two scans ( f i g u r e  24) shows t h e  s t a b i l i t y  of t h e  
c o n t r o l  system. Segment I appears  more s t a b l e  than  segments I1 and I11 because 
t h e  r e fe rence  poin t  i s  on segment I and t h e  only v a r i a t i o n s  are caused by motions 
i n  t i l t .  The v a r i a t i o n s  seen  i n  segments I1 and I11 inc lude  e r r o r s  of t i l t  and 
of a x i a l  p o s i t i o n  r e l a t i v e  t o  segment I .  The v a r i a t i o n  appears  t o  be random wi th  
no c y c l i c  component d e t e c t a b l e .  The l a r g e s t  peak-to-peak v a r i a t i o n  i s  1/30 wave- 
length,  which would i n d i c a t e  an r m s  p o s i t i o n i n g  s t a b i l i t y  of approximately 1 / E O  
wavelength.  The area under t h e  curves i n  segments I, I1 and I11 were c a l c u l a t e d  
and averaged, fu rn i sh ing  t h e  fol lowing resul ts :  

Two sets of  p r o f i l e  scans recorded i n  
Figure 25 shows t h e  r e s u l t  of t h e  average 

I 

Segment I 
Segment I I 
Segment I I I 
T o t a l  composite mi r ro r  

Average Devia t ions  

h/ 60 
h/55 
x/90 
h/64 

Some s l i g h t  improvement might be made i n  t h e s e  averages by a s l i g h t  
s h i f t  i n  r e fe rence  obtained by a c o n t r o l  scan  which covers  t h e  t r i a n g u l a r  seg- 
ment more completely than  t h e  p re sen t  c i r c u l a r  scan  o r  by b i a s e s  app l i ed  t o  t h e  
segments. The c i r c u l a r  scan, however, would be an e f f e c t i v e  one f o r  more sym- 
m e t r i c a l  segments as might be used i n  a seven o r  more segment m i r r o r .  The ras- 
te r  scans  shown i n  t h i s  r e p o r t  do not  inc lude  any p o r t i o n  of t h e  r o l l e d  down 
edge which is ou t s ide  t h e  20 l inch  diameter  f o r  which t h e  mi r ro r  was f igured ,  as 
t h i s  area was masked ou t .  Some o f  t h i s  r o l l e d  down edge w a s  included i n  t h e  
p r o f i l e  scan  shown i n  f i g u r e  42 of t h e  F i n a l  Report  (Perkin-Elmer Report No. 
8525) and t h i s  p a r t l y  accounts  f o r  t h e  improvement i n  t h e  average f i g u r e  e r r o r  
c a l c u l a t e d  f o r  f i g u r e  25. 
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Figure 24. Raster Scans 
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Figure 25 .  Raster Scan Average 
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5.3 FUNDAMENTAL LIMITS 

The fundamental l i m i t s  of performance i n  an e l e c t r o - o p t i c a l  c o n t r o l  
system may be r e l a t e d  t o  t h e  e r r o r  sensor  c h a r a c t e r i s t i c s  and t h e  system response 
t i m e .  I f  very high ga in  i s  used i n  the  feedback loop t h e s e  are t h e  only l i m i t s  

sources  of  e r r o r  may become s i g n i f i c a n t .  
of periorn,arlce* *.'----- w11e:Le .I LUUt) - - -  g*iu - - - -  iiiiiat be reduced for s t a b F l i t y  rea5235, e t h e r  

The l i m i t s  of performance may be ca t egor i zed  a s :  

1) Accuracy. 

2)  Stzbi lity . 
3)  Dynamic Range. 

4 )  Response T ime .  

Table  I V  l i s t s  those  l i m i t s  of performance encountered i n  t h e  experiments and 
t h o s e  a n t i c i p a t e d  as fundamental t o  t h i s  type  of c o n t r o l  system. 

Accuracy was l imi t ed  by the  i n d i v i d u a l  segment f i g u r e  e r r o r s ,  a s  
can be seen  be r e fe rence  t o  f i g u r e  25. The use of a c i r c u l a r  scan  i n  t h e  f i g -  
u r e  sensor  minimized t h e  response t o  l o c a l  high o r  low s p o t s ;  .however, t h e  sys- 
tem could be f u r t h e r  optimized by averaging over t h e  e n t i r e  segment. 

Figure sensor  components were d iscussed  i n  s e c t i o n  3 .  The d a t a  in -  
d i c a t e s  t h a t  t h e  f i g u r e  sensor  e r r o r s ,  a s  averaged by t h e  c i r c u l a r  scan, are 
less t h a n  1/50 wavelength. Some spurious f r i n g e  p a t t e r n s  remain ( see  f i g u r e  20);  
however, t hese  a r e  e i t h e r  averaged out by t h e  c i r c u l a r  scan  o r  o r i g i n a t e  o u t s i d e  
t h e  two i n t e r f e r e n c e  beams and hence produce i n t e n s i t y  e f f e c t s  only and n o t  phase 
eirrcrs. 

An o b j e c t i v e  of t h i s  phase of t h e  work w a s  t o  i nco rpora t e  space and 
t i m e  averaging  of a l l  alignment e r r o r s  t o  minimize spur ious  e f f e c t s  such as f i g -  
u r e  senso r  e r r o r s  and t r a n s i e n t  v i b r a t i o n s .  The i n s e r t i o n  of a long t i m e  con- 
s t a n t  f i l t e r  i n  t h e  c o n t r o l  loop made i t  necessary  t o  reduce o v e r a l l  ga in  t o  
i n s u r e  s t a b l e  ope ra t ion .  The only convenient p l ace  f o r  g a i n  r educ t ion  was i n  
t h e  s t a b i l i z a t i o n  networks.  The resul t  was t h a t  d-c d r i f t  i n  t h e  servo  ampli- 
f iers  fo l lowing  t h e  f i l t e r  would, a t  times, a f f e c t  o v e r a l l  accuracy.  

i 
The fundamental l i m i t s  of accuracy are t h e  segment f i g u r e  e r r o r s  

and t h e  phase d e t e c t o r  measurement c a p a b i l i t y .  An e l e c t r o n i c  phase d e t e c t o r  i s  
capable  of  r e so lv ing  re la t ive phase t o  b e t t e r  t han  two degrees, which co r re s -  
ponds t o  b e t t e r  t han  1/100 wavelength. Thus t h e  segment p e r f e c t i o n  i s  t h e  a c t -  
u a l  fundamental  l i m i t  of performance i n  a segmented Act ive Opt ics  system. 

I n  p r i n c i p l e ,  photon noise  i n  t h e  laser beam o f  t h e  f i g u r e  sensor  
Table  I11 shows t h a t  t h e  magnitude should determine t h e  s h o r t  term s t a b i l i t y .  

of photon noise ,  as l i m i t e d  by t h e  f i l t e r s  used, i s  less than  10" peak-to-peak, 
o r  2" r m s .  This  corresponds t o  l e s s  than 1/400 wavelength r m s .  
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During Phase I of the project, it was found that overall stability 
could be affected considerably by vibration and air turbulance in the figure 
sensor. Precautions were taken to minimize both in the final experiment. 
These effects were proportional to the distance between the point of interest 
and the reference spot. For alignment of segments I1 and 111, turbulance and 
vibration predominate over photon noise by a factor of two to three times. 
For segment I alignment, photon noise predominated. 

Long term stability is related to the thermal stability of the fig- 
ure sensor. The long term drift o f  the figure sensor mounted on a cast iron 
optical test bench has been measured as low as 5 deg/hr, corresponding to 1/40 
wavelength at the mirror. Using the aluminum base plate phase measurement 
interferometer, which is physically mounted on the vacuum tank, the thermal 
drift rate increased to a value of 1/10 wavelength per hour. 

Dynamic range of automatic alignment control is limited by the num- 
ber of fringes that can be detected. This is determined by the minimum scan 
diameter and scanner aperture diameter. Measurements on the experimental 
breadboard indicate that up to five fringes per segment could be accommodated 
automatically. In principle, the system could be designed to accommodate up 
to 50 fringes per segment. 

The response time, which can be designed to any value greater than 
approximately one second, is approximately five seconds (see figure 18). Prac- 
tical considerations in the experimental breadboard precluded use of a longer 
time constant. However, this was adequate for the system to accommodate fairly 
severe transients as shown by reference to figure 19. 
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